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The joined wing is an innovative aircraft configuration with a rear wing that has its root attached near the
top of the vertical tail and a tip that sweeps forward to join the trailing edge of the main wing. This study
demonstrates the application of numerical optimization to aircraft design and presents a quantitative comparison
of joined-wing and conventional aircraft designed for the same medium-range transport mission. The computer
program developed for this study used a vortex-lattice model of the complete aircraft to estimate aerodynamic
performance, and a beam model of the lifting-surface structure to calculate wing and tail weight. Weight
estimation depended on a fully stressed design algorithm that included a constraint on buckling and a correlation
with a statistically based method for total lifting-surface weight. A variety of *‘optimum’’ joined-wing and
conventional aircraft designs are compared on the basis of direct operating cost, gross weight, and cruise drag.
Maximum lift and horizontal tail buckling were identified as critical joined-wing design issues. The addition of
a buckling constraint is shown to decrease the optimum joined-wing span and increase direct operating cost by
about 4%. The most promising joined-wing designs were found to have a joint location at about 70% of the
wing semispan, a fuel tank in the tail to trim, and a flap spanning 70% of the wing. These designs are shown
to cost 3% more to operate than a conventional configuration designed for the same medium-range mission.

Nomenclature

minimum gauge cross-sectional area of
stringer, in.?

cross-sectional area of stringer shown in
Fig. 4, in.2

tail span measured in plan view, ft
wing span measured in plan view, ft
wing mean aerodynamic chord, ft
half-chord dimension of beam cross
section, ft

half-thickness dimension of beam cross
section, ft

Young’s modulus, Ib/in.*

structural shear load applied in local x
direction (see Fig. 4), 1b

beam tensile load (see Fig. 4), b
structural shear load applied in local z
direction (see Fig. 4), Ib

torsional modulus, 1b/in.?

= lift-dependent tail weight index
lift-dependent wing weight index

area moments of inertia of beam cross
section, in.*

product of inertia for beam cross section,
in.*

polar moment of inertia, in.*

tail arm or distance between aircraft c.g.
and tail aerodynamic center ft
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moments applied about local axis system of
beam cross section, in.-lb

= ultimate load factor

area of a lifting surface, ft*

area of tail, ft*

area of wing, ft

minimum gauge skin thickness

skin thickness of beam cap, in.

skin thickness of beam web, in.

average thickness-to-chord ratio
transverse deflection of beam section in
local coordinates, in.

= total weight of lifting surface, Ib
minimum gauge structural weight. 1b
structural weight. 1b

= tail weight, Ib

aircraft maximum takeoff weight, 1b
wing weight, 1b

aircraft zero fuel weight, 1b

vertical deflection of beam section in local
coordinates, in.

local beam coordinates shown in Fig. 4
= rotational deflection of beam section in
local coordinates, rad

sweep angle of the elastic axis

wing taper ratio, tip chord/root chord
allowable tensile stress, Ib/in.”
allowable shear stress, Ib/in.”
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Introduction

T HE joined wing is an innovative aircraft configuration
with a rear wing that has its root attached near the top
of the vertical tail and a tip that sweeps forward to join the
trailing edge of the main wing (see Fig. 1). The rear wing (or
tail) is used both for pitch control and as a structural support
for the forward wing. When compared with a conventional
wing-tail configuration, several advantages have been pre-
dicted for joined wings. The potential for lower structural
weight and less drag are probably the most important of these
advantages. Joining the tail to the wing allows the tail to act
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Wing moved to )
satisfy static margin \"*
constraint

T e R
!

Fig. 1 Typical joined-wing aircraft with two alternate tails.

as a strut, relieving wing bending moments inboard of the
wing-tail joint. Because these lifting surfaces are nonplanar,
a reduction in induced drag is also suggested by Ref. 1.

Wolkovitch?? first proposed the joined-wing concept in 1976,
and has studied its application to supersonic fighters, long
endurance platforms, and commercial transports. The fun-
damental structural and aerodynamic characteristics of joined
wings have been studied by several researchers. Joined wings
were shown to be significantly lighter than cantilever wing
structures in Refs. 4 and 5. Hajela’s® study of joined-wing
structures indicated the importance of in-plane loads, and
suggested that nearly rigid joint structures were best. Letcher’s”
aerodynamic analyses showed that optimally loaded joined
wings with tip joints have less induced drag than conventional
wings of the same span. Kroo et al.® used a vortex-lattice code
and a structures routine based on inextensible beam theory
to compare the cruise drag of joined wings with conventional
designs of the same lifting-surface area and structural weight.
This study showed a savings of 11% in cruise drag for a joined
wing with a joint located at about 70% of the wing semispan.

Although this reduction in cruise drag is significant, con-
sideration of all the flight conditions required for a particular
mission is needed to demonstrate any economic savings for
joined wings. Performance constraints such as takeoff field
length, landing field length, and climb gradient could increase
the wing area required for a joined-wing configuration, thereby
eliminating potential drag reduction. Several programs®!©
evaluate aircraft performance at many flight conditions and
estimate economic efficiency, but neither the structures nor
aerodynamics are represented in sufficient detail for an ac-
curate evaluation of joined-wing aircraft.

The goals of this study are to demonstrate the application
of numerical optimization to aircraft design and to present a
quantitative comparison of joined-wing and conventional air-
craft designed for the same medium-range transport mission.
A computer program capable of modeling joined-wing aircraft
and estimating their overall performance in terms of direct
operating cost (DOC) was developed. This program performs
aerodynamic and structural analyses that are significantly more
sophisticated than those used in most preliminary design codes.
This sophistication is needed to predict the aerodynamic in-
terference between the lifting surfaces and the stresses in the
statically indeterminate structure. First, a vortex-lattice model
of the complete aircraft is used to calculate aerodynamic forces.
These calculations are performed using a subroutine version
of the LinAir'' program. Viscous and compressibility drag are
added to the vortex drag estimated by LinAir to calculate
total transonic drag. Second. inextensible beam theory is used
in a fully stressed design algorithm that includes a constraint
on tail buckling. The structural design algorithm considers
one maneuver load case, several gust load cases, and the

nonlinear effects of secondary bending moments. The com-
puted structural weight is then correlated with the results of
a statistically based method*? to obtain estimates of the to-
tal lifting-surface weight. Finally, the numerical optimizer,
NPSOL," is used to design joined-wing and conventional
transports with minimum DOC. This article describes the
analysis methods used in the design code, discusses some prob-
lems encountered when applying the numerical optimizer, and
compares optimum joined wings with conventional aircraft
on the basis of cruise drag, lifting-surface weight, and DOC.

Analysis Methods

Aircraft optimization requires computational methods that
quickly evaluate aircraft performance characteristics for a wide
range of geometric configurations and flight conditions. The
development of analysis methods for joined-wing aircraft de-
sign focused on the interaction between trimmed drag and
structural weight. The methods used to calculate the aero-
dynamic load distributions, the total aircraft drag, and the
weight of the aircraft components are described in the fol-
lowing sections. Integration of these analysis methods into
the aircraft synthesis code and the application of NPSOL to
the aircraft design problem are also discussed.

Aerodynamic Modeling

Aerodynamic forces are calculated in the design code using
a subroutine version of the LinAir program. This subroutine
solves the Prantl-Glauert equation using a vortex-lattice method
and calculates induced drag using Trefftz-plane integration.
Vortex-lattice models of the lifting surfaces, the lifting sur-
faces plus fuselage, and the complete aircraft with engines
and pylons were considered. A complete aircraft model was
necessary to accurately represent the downwash on the tail,
and therefore, the tail’s contribution to the static margin.
Wings were modeled using two spanwise elements with linear
twist distributions. These two elements allow for a disconti-
nuity in twist and span wing sections inboard and outboard
of the joint. This discontinuity produced joined wings with
slightly less trimmed drag than those with linear twist distri-
butions from root to tip. This reduction in drag indicates that
a discontinuity in wing twist enables the aircraft to generate
a more elliptic load distribution. A third wing element rep-
resented the flapped portion of the wing. Tails were modeled
as one spanwise element with a linear twist distribution. An
example vortex-lattice model and lift distributions for both
the wing and tail are shown in Fig. 2. This figure shows that
the aerodynamic modeling is sophisticated enough to repre-
sent changes in the wing’s lift distribution due to flap deflec-
tion and changes in the tail’s lift distribution due to elevator
deflection.

For computational efficiency, the aerodynamic forces at
many different flight conditions are represented as a linear

Dimensionless Section Lift

0 10 20 30 40 50 60
Distance Along Span (ft)

Fig. 2 Wing and tail lift distributions for a typical joined wing that
is trimmed for climb, cruise, and landing appreach.
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combination of four solutions to the vortex-lattice problem.
The first of the four solutions is for the complete aircraft
model at an angle of attack equal to zero. The three remaining
solutions represent independent perturbations in angle of at-
tack, wing incidence, and tail incidence. The influence coef-
ficients required to represent the aerodynamic forces as a sum
of these four solutions need to be evaluated whenever the
size, shape, or spatial orientation of the lifting surfaces are
changed. Since only a few design variables cause these changes,
many design modifications can be investigated without ad-
ditional solutions of the vortex-lattice problem. Additional
computational time is saved by assuming the aerodynamic
influence coefficients are constant with respect to small changes
in panel incidence, and by evaluating all the aerodynamic
forces at a Mach number of 0.5. This is an excellent approx-
imation in the aerodynamic influence coefficients, since the
change in freestream flow normal to the panel is primarily
responsible for any change in bound vortex strength associ-
ated with variations in incidence. A Mach number of 0.5 is
small enough for low-speed flight and simple corrections are
used to obtain loads at higher subsonic Mach numbers.

Values for the aircraft maximum lift coefficient are deter-
mined using a method (similar to that of Ref. 14) based on
flight test data, wind-tunnel data, and vortex-lattice calcula-
tions. An equation for wing maximum lift's is developed by
comparing vortex-lattice calculations with experimental data
for a family of transport wings with different airfoil sections
and sweep angles. Section lift coefficients are calculated by
the vortex-lattice method at a series of increasing wing angles
of attack. The wing maximum lift is obtained when any cal-
culated section lift coefficient reaches its experimental max-
imum. Corrections are made to this basic value to account
for flap deflection. slat deflection, and Mach number. The
contribution of the tail loads required to trim are then in-
cluded to calculate the aircraft's maximum lift.

Drag calculations in this study are divided into three major
categories: 1) vortex-induced drag, 2) viscous drag, and 3)
compressibility drag. The vortex drag is calculated using LinAir
at a Mach number of 0.5 for trimmed flight in both cruise and
climb. Since the complete aircraft and its wake are modeled.
this vortex drag includes trim drag and inviscid interference
drag. Lift-dependent viscous drag is assumed to vary para-
bolically with lift for each airfoil section (0.003C7). This re-
lationship represents the variation in minimum section drag
with design lift coefficient and assumes the airfoils are cam-
bered for best cruise performance. Section drag values cal-
culated from the corresponding section lift are integrated over
the wing span and the tail span to obtain the total lift-de-
pendent viscous drag for the lifting system. An empirical re-
lationship based on flight test data of modern transport air-
craft accounted for all other contributions, primarily caused
by viscous interference. to lift-dependent viscous drag. Vis-
cous drag that is independent of lift is calculated using exposed
wetted areas and the von Karman formulas for the skin fric-
tion drag of a flat plate.'* Corrections are made to these drag
calculations to account for surface roughness.'” Other viscous
drag items such as control surface gap drag and nacelle base
drag are also treated explicitly. The compressibility drag is
defined here as all the drag caused by an increase in Mach
numbers above 0.5. This drag increment is a function of airfoil
thickness-to-chord ratio, section lift coefficient, wing sweep,
and Mach number. Itis computed using the methods of McGeer
and Shevell."™®

Structures and Weight Prediction

The weight of an aircraft wing depends strongly on its ap-
plied loads. Federal Aviation Regulations Part 25 (FAR 25)
prescribe many more load cases than can be practically con-
sidered in an aircraft optimization code. The flight envelope
prescribed by these loads is defined by gust and maneuver
diagrams. Structural design and weight prediction was per-

formed for several flight conditions to determine the most
critical load cases and to select a minimum subset. The gust
loads are calculated at the flight speeds V and V., defined
in FAR 25 for the gust diagram. Because the cruise Mach
number is held constant, V. is approximately equal to 350 kt
equivalent airspeed and V, (see FAR 25) is less than V.
Positive and negative gusts at 20,000 ft of 66 ft/s at V, and
50 ft/s at V- (equivalent airspeeds) define the gust load cases.
A 2.5 g maneuver load at the design dive speed V. selected
to be 1.15V, is also considered.

Joined-wing structures carry loads very differently from
conventional cantilever wing structures. This difference makes
the lifting-surface weight prediction more difficult for joined
wings than for conventional aircraft. Connecting the tail to
the wing causes reaction forces that relieve wing bending mo-
ments inboard of the joint. Figure 3 shows this bending mo-
ment relief for bending moments caused by both positive and
negative gusts. This interaction between the wing and tail
causes the material stress distributions to depend on structural
stiffness. Since conventional wing structures do not have this
characteristic, weight estimation methods based on existing
airplanes are inadequate for joined wings. One alternative is
to design the load-carrying structure and calculate the struc-
tural weight. But the wing structure required to support the
flight loads represents only about 60% of the total wing weight.
Minimum-gauge structure, control systems, and fuel systems
make up the remaining wing weight. Therefore, a correlation
was used to predict total wing weight from calculated struc-
tural weight.

The wing and tail structures are modeled with skin-stringer
beams as shown in Fig. 4. Both beams are cantilevered at the
root, and the joined-wing joint structure is assumed to be
rigid, as suggested in Ref. 19. As described in Ref. 3, the
resultant bending moment tends to be oriented diagonally
across the structural box because the reactions at the wing-
tail joint cause significant forces in the plane of the wing. The
asymmetric distribution of material shown in Fig. 4 enables

6
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08 Ta— Tail+ Gust Mx
06 bk —o— Wing, - Gust |
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g 02
0.0 -
0.2
04
0.6
0 10 20 30 40 50 60

Distance From Wing Or Tail Root (ft)

Fig. 3 In-plane, or M, bending moment distributions for a typical
joined wing subjected to both positive and negative gust loads.
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Fig. 4 Structural box model with skins, stringers, and the resultant
bending moment.
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the joined-wing structure to resist this bending moment ef-
ficiently. Figure 4 also defines the stringer areas A, and A,,
the web and cap thicknesses T, and T, and the structural box
dimensions C, and C.. C, and C, are calculated as a function
of spar width so that the box fits into the airfoil section, and
A, A,, T,, and T. are treated as structural design variables.
Sections of the wing outboard of the joint and all conventional
designs use structural boxes that extend over the thickest 20%
of the airfoil section. Although this modeling neglects shear
lag, results from earlier studies indicate such effects are neg-
ligible for the high-aspect ratio structures studied here.*®

The structural analysis method is based on inextensible beam
theory. This theory represents the wing and tail deflections
as the solution of the following ordinary differential equa-
tions:

dw  MI+ M,

&y UL - I M
du  —(M.I, + ML) ®
dy  E(l.1.- 1)

e M,
dy GJ 3)

Here w. u. and @ are vertical, transverse and rotational
deflections respectively, and M., M,, and M, are the corre-
sponding applied moments. Structural box dimensions and
material thicknesses give the inertia terms in Egs. (1-3) as

L, = 2A, + A)C: 4

L. = 2(A, + A)CE (5)

Ix: = 2(Al - AZ)CXC: (6)
16CC3T.T.

= C.T, + C.T. )

The deflection equations [Egs. (1-3)] are used to construct
a matrix of structural influence coefficients describing the
effect of unit joint-reaction forces and moments on joint ro-
tations and deflections. The joint-reaction forces are then
determined by requiring zero relative deflection between the
tail tip and the wing joint. This analysis produces a deflection
distribution and a set of joint reactions that are caused by the
applied loads or primary bending moments only. Once the
structure deflects, axial reaction forces produce secondary
bending moments that can cause an increase in maximum
deflection or failure due to buckling.

Secondary bending moments are included in the structural
analysis by adding them to the applied loads [M,, M,, and
M_ in Eqs. (1-3)]. Since these secondary moments are de-
pendent on the deflected shape, the solution for the joint
reactions begins with an estimate of the deflection distribution
and proceeds iteratively until the input and output deflections
are the same. Updates of the deflection distribution are under-
relaxed by 0.2 for load cases that produce tensile tail loads
and 0.7 for load cases that produce compressive tail loads.
Equations (1-3) are based on the assumption of small de-
flections, and therefore, cannot be expected to give an ac-
curate representation of large deflections. However, this anal-
ysis method proved quite useful for determining if tail buckling
was a problem and for designing tail structures that are free
from a buckling instability. Figure 5 shows a front view of the
two primary buckling mode shapes for joined-wing structures
and the increase in deflection with iterative updates of the
secondary bending moments. Since the input and output de-
flections have not converged, Fig. 5 also demonstrates that
buckling is a design issue for some joined-wing structures.

25
Tail
20 5
g SR
28T ST
= D
210 Iteration 1~~~
51 Wing
0 1 H 'S J '
0 10 20 30 40 50 60
Distance Along Semi-span (ft)
a) Mode shape number 1
25
20
=)
Z15
2
210

o W

30 40
Distance Along Semi-span (ft)
b) Mode shape number 2

Fig. 5 Front view of the two primary buckling mode shapes for
joined-wing structures and the increase in deflection with iterative
updates of the secondary bending moments. The joint structure has
been left out for clarity.

The joint reactions, applied loads, and secondary bending
moments were used to design the lifting structures that are
approximately fully stressed. Additional material must be added
to the fully stressed distribution to avoid buckling. Using a
structural design method, rather than optimizing the structure
and aircraft configuration simultaneously, reduced the num-
ber of optimization variables by about 200 and simplified the
numerical optimization problem. Since stress depends on stiff-
ness in joined wings, a fully stressed structure is likely to be
slightly heavier than an optimum structure. However, we con-
sidered these structures close enough to minimum weight to
justify comparing joined wing and conventional transport per-
formance. Figure 4 shows the asymmetric material distribu-
tion that yields a fully stressed design for joined wings. This
distribution of material is determined by solving the stress
equations for member thickness. The shear stress equations
are rearranged to give the fully stressed skin thicknesses as

_2|F|C + M,

T.= 87,C.C. (8)
_2|FJC. + (M)

T.= 87,C.C. ©)

where 7, is the allowable shear stress, F, and F. are shear
loads, and M, is an applied torque. Setting the stress in each
of the stringers A, and A, equal to the allowable stress (a,)
produces a set of quadratic equations for A4, in terms of A,
given by

i [ () b me)

20, 4C.C.o,
_ %9—',42 = 0.0 (10)
o ()
_ 'ﬂ%’cf_c' A, =00 (1)
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where F, is the tensile load, and M, and M. are the bending
moments. These equations can be decoupled by assuming that
the stress in A, is equal to the stress in A,. However, this
assumption is violated when a minimum gauge constraint is
active. Since stringer areas of zero would produce zero bend-
ing inertia and cause Egs. (1) and (2) to become indefinite,
a minimum gauge constraint given by

Amm = (Cr + C:)Tmm (12)

and T, = 0.04 in. is enforced during structural sizing cal-
culations. Equation (12) forces a lightly loaded element to
have enough minimum gauge skin to define the shape of the
structural box. This minimum gauge constraint is applied after
the positive roots of Egs. (10) and (12) are used to size the
stringers. Obviously, the value of A, used in Eq. (10} and the
value of A, used in Eq. (12) correspond to a previous sizing
iteration. The need for an iterative structural design proce-
dure is produced by the dependence of the joint reactions on
material thickness, even when secondary bending moments
are ignored.

Multiple load cases are considered in five steps:

1) A single material distribution and an appropriate de-
flection distribution for each load case are chosen based on
previous design results or prescribed initial distributions.

2) The joint reactions are calculated for each load case using
one structural analysis iteration (deflections are not con-
verged). This analysis iteration produces a new deflection
distribution for each load case.

3) A material distribution is calculated for each load case
using Eqgs. (8-12).

4) The maximum thickness is chosen for each member from
the material distributions calculated in step 3.

5) Material and deflection distributions are updated and
the procedure returns to step 2 until the structural weight of
the wing and of the tail change by less than a prescribed
tolerance.

This design method typically takes 25-30 iterations to con-
verge to the precision required for the gradient optimization.

Modifications to the design load cases were required to
produce structures that were stable with respect to both of
the buckling mode shapes shown in Fig. 5. This load modi-
fication forces the design algorithm to add material to the
fully stressed distribution. Wing loads were increased by 2400
Ib, and the number of design load cases was doubled by both
increasing and decreasing the tail load by about 100 1b. The
extra wing load was applied as a percentage increase to the
specified distribution, and the extra tail load was distributed
in a half sine wave centered about the tail’s semispan. Without
these modifications, the method could produce a structure
whose design load was equal to the critical buckling load of
one mode shape. Decreasing the loads (or safety factor) for
this structure created buckling in the other mode shape. The
small increments in tail load were chosen to force the design
method to consider both mode shapes shown in Figs. 5a and
5b without adding unnecessary weight. This increment in tail
load was most important when the design tail loads were small
or zero, because relatively large positive or negative tail loads
would force a particular buckling mode shape. Once a struc-
tural design is completed using the above method, buckling
stability is checked by perturbing the deflection distribution
and verifying that the structure returns to its equilibrium shape.
The local deflections were increased or decreased by 10%
when perturbing the structure. Figure 5 shows how the sec-
ondary bending moments create an increase in deflection for
a structure that is unstable in either mode 1 or mode 2.

The current weight method was developed using caiculated
structural weight and the results of a statistically based weight
method similar to that of Ref. 12. Reference 12 estimates the
lift-dependent wing weight and the lift-dependent tail weight
using

I nbiVWioWopa(l + 24)
" (t)ae 0SHAga)SI(L + A)

x 10-¢  (13)

] = nb WroCuac
" 1.875(1¢) . COSH (AN, S?

x 10-° (14)

Equations (13) and (14) relate the applied loads, geometric
shape, and load-dependent weight. The overall wing and tail
weights are then given by a linear fit to data available for a
variety of transport aircraft

W, = (1.641, + 4.25)S, (15)
W, = (1.51, + 5.0)S, (16)

where the second term in these equations accounts for min-
imum gauge structure and system components that are in-
dependent of load. Figures 6 and 7 present the wing and tail
weights for these production aircraft and the linear fits defined
in Egs. (15) and (16). Since Egs. (13) and (14) were developed
for conventional configurations, they do not capture the struc-
tural interaction between the wing and tail of a joined wing.

The relationship between loads, shape, and total weight is
captured in the current weight method by designing a structure
for a particular configuration, which is subjected to critical
flight loads. Calculated structural weight then replaces 7, and
I in the current method. Lifting-surface weight is calculated
using

W, = 1.35(W,, — W) + 4.95, (17

where W, is the total calculated structural weight of the lifting
surface and W, is the structural weight of the lifting surface

when all elements are at minimum gauge. Equation (17) also

20
« e  Current Method, Eq. 17
218 ©  Production Airplanes
< —— Equation 15
5 .
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Fig. 6 Comparison of wing weight prediction with actual production
airplanes and weight estimates performed using the method of Ref.
12.
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Fig. 7 Comparison of tail weight prediction with actual production
airplanes and weight estimates performed using the method of Ref.
12.
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represents a linear fit of data for existing transport aircraft.
The numbers 1.35 and 4.9 that define this fit were determined
by comparing weight estimates from Eq. (17) with estimates
from Egs. (15) and (16).

The geometric data necessary to design structures for each
of the production aircraft in Figs. 6 and 7 was not available,
making a direct comparison of the current weight method
with actual aircraft weights impossible. The accuracy of the
current method was tested by estimating the weights of a
family of proposed wings and tails that span a range of values
for 1, and I,. These weights were then compared with the
results of Eqs. (15) and (16), which are shown to produce
acceptable weight estimates for actual production aircraft in
Figs. 6 and 7. These figures also show good agreement be-
tween the two weight prediction methods and indicate the
scatter in the weights of the production aircraft.

Optimization

Aircraft optimization problems with 17 variables, 9 mission
constraints, and bound constraints on each variable were solved
successfully in this study. The aircraft synthesis code is general
enough to allow for a much larger selection of design varia-
bles, but this set was considered sufficient to provide a realistic
comparison of joined-wing and conventional aircraft perfor-
mance. Table 1 lists the design variables, key parameters that
were fixed during the optimization, and some performance
results for a few conventional and joined-wing configurations.
Explicit nonlinear constraints simplified the synthesis code by
eliminating the iteration loops commonly found in many other
design codes.”!” A combination of experimental and flight
test data available for the McDonnell Douglas DC-9-30°! was
used to verify the accuracy of the design code at estimating
aircraft performance. For example, estimated values for cruise
drag were within a few percent of those measured in flight
test. One test of the design code was conducted by optimizing

a conventional transport for the same mission as a DC-9-30.
This study indicated that a DC-9-30 is nearly optimum for its
intended mission. Direct operating cost for a medium-range
transport mission was used as the objective function. It was
evaluated using a modified version of the 1967 ATA standard
method of estimating comparative operating costs of turbine
powered aircraft.? This method includes estimates of crew,
maintenance, depreciation, fuel, and insurance costs. The
mission requirements are to transport 115 coach passengers
2000 n.mi. at a cruise Mach number of 0.78. All designs have
a stick-fixed static margin of 0.2 based on a reference chord
of 13.69 ft. A balanced runway length of 7800 ft at sea level
is used for the takeoff and landing field length constraints.
Other constraints include an engine-out climb gradient greater
than 2.4%, a cruise thrust greater than cruise drag, and cruise
trim at cruise lift coefficient. The trim constraint is enforced
at an average cruise weight. Trimming moments required for
other weights or flight conditions are generated by deflecting
the elevator. Sufficient pitch control for takeoff rotation is
also required.

NPSOL, a gradient-based optimizer, uses a sequential
quadratic programming algorithm to solve the design prob-
lem. This algorithm solves a quadratic subproblem to deter-
mine the appropriate search direction in design space, per-
forms a line search in this direction, and minimizes an
augmented Lagrangian merit function.? Figure 8 shows con-
vergence of the objective function and the constraint function
violations for a typical 17 variable, 9 constraint problem. This
figure shows convergence to an optimal design in 500 s of
computational time on a Cray Y-MP. Including secondary
bending moments in the structural design algorithm increased
this computational time by approximately a factor of 10.

Two interesting problems were encountered during appli-
cation of numerical optimization to the design problem. The
first problem was associated with an inaccurate calculation of
induced drag caused by a discontinuity in the panel width

Table 1 Joined-wing design variables, fixed parameters, and optimum solutions

Conventional Joined wing
Ref. Best case 1 case 2 case 3

Design variables

Wing area 1.127.6 1,013.3 1,282.3 1,288.9 1,024.1

Wing span 101.2 98.8 117.3 107.7 104.4

Wing root incidence S 4.8 72 6.9 6.9

Inboard joint incidence 5.5 5.4 3.8 5.3 5.1

Outboard joint incidence 53 5.3 4.6 3.8 6.1

Wing tip incidence 1.8 1.9 1.8 1.4 1.6

Average wing, t/c 0.12 0.12 0.10 0.10 0.09

Longitudinal wing position 58.3 56.4 61.3 63.6 61

Tail area 225 225 314.5 512.6 459.7

Tail root incidence 0.42 2.5 -2 0.5 1.4

Tail tip incidence 1.2 1.7 3 1.8 4.3

Average tail, t/c 0.11 0.11 0.16 0.16 0.16

Static thrust per engine 17,525 17.262.5 17,008.5 18,231.1 18,136.7

Initial cruise altitude 32.806.7 32,2749 38,242.5 37.706.5 37,826.8

Final cruise altitude 34.516.4 34,015.5 39.849.5 39,336.6 39,354.6

Takeoff flap deflection 10.5 11.2 22.7 18.8 21.8
Fixed parameters

Wing sweep 30 30 30 30 30

Wing dihedral 6 6 6 6 6

Wing structural box chord 0.5 0.5 0.5 0.5 0.5

Tail sweep 32 32 -33.2 -349 -37.4

Tail dihedral -3 -3 -23.1 -254 -26.2

Tail structural box chord 0.5 0.5 0.5 0.5 0.5

Flap span/wing span 0.5 0.7 0.5 0.5 0.7

Elevator span/wing span 0.4 0.4 0.7 0.7 0.4
Performance results

Wio 130,068.6 127,891.1 133,491.6 137,266.0 132,294.5

Fuel tank for trim No Yes No No Yes

Buckling constraint n/a n/a No Yes Yes

Relative cruise drag 1.000 0.982 0.958 1.051 0.994

Relative DOC 1.000 0.986 1.006 1.048 1.018
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Fig. 8 Iteration history of the objective and constraint violations for
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Fig. 9 Lift distributions calculated with and without a panel discon-
tinuity at the wing-fuselage joint.

used in the vortex-lattice model. This caused the numerical
optimizer to suggest that unrealistic wing twists were opti-
mum. Figure 9 shows two lift distributions calculated using
wing-fuselage models with constant panel widths and a third
model with a discontinuity in panel width at the wing fuselage
joint. Although the panel discontinuity is exaggerated in
Fig. 9, a difference of 10% in panel width produced significant
errors in the twist distributions of optimum solutions. Realistic
solutions were obtained by introducing some vertical sepa-
ration between wing and fuselage models and fixing the num-
ber of wing panels. With this modeling, wing span could be
treated as a continuously differentiable variable. However,
tail span had to be varied parametncally, since it was defined
by an integer number of wing panels. The second problem
was lack of function smoothness. Very smooth functions were
required for reliable application of the design code. Further-
more, precise knowledge of function smoothness was neces-
sary for the appropriate choice of finite difference step sizes
and the choice of convergence criteria for the optimization
problem. A numerical method designed to estimate round-
off error™* was found to be invaluable at identifving the sec-
tions of an analysis algorithm that were responsible for non-
smooth or discontinuous function behavior and for estimating
function smoothness.

Results

All joined-wing design results are compared with similarly
designed conventional T-tail aircraft on the basis of drag,
weight, and DOC. The DC-9-30 represented the baseline con-
figuration for the conventional transports. Drag, weight. and
DOC are all normalized with respect to values calculated for
the optimized conventional transport labeled Ref. in Ta-
ble 1. Since the Pratt and Whitney JT8D-9 low bypass ratio
engine was used on the DC-9-30, a “'variable-size” version of
this engine is used throughout this design study. All estimates
of DOC assume that the cost of jet fuel is 70 cents/gal.

Tail-to-wing span ratio was shown to be an important design
variable in Ref. 8. Since both the wing and the tail could not
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be modeled with an integer number of constant width panels,
span ratio was studied parametrically. This parametric study
showed very little change in DOC for values of tail-to-wing
span ratio (b,/b,,) between 0.6-0.8. The small variation in
DOC from b,/b,, = 0.6 to b,/b, = 0.8 corresponded to a
decrease in the optimum wing span of 5%. As suggested in
Ref. 8, the optimum tail-to-wing span ratio was 0.7. Since
Ref. 8 considered only a single design point. a cruise condi-
tion, it is interesting that the operational constraints consid-
ered in this study do not affect the choice of span ratio for
joined wings.

A parametric study of wing span was performed to estimate
the sensitivity in DOC, and as a check on optimality with
respect to this crucial design variable. As expected, the op-
timum span for both joined-wing and conventional transports
represents a compromise between increasing weight and de-
creasing drag. Figure 10 shows this trade-off between gross
weight and average cruise drag for both conventional and
joined-wing configurations. This figure shows joined-wing de-
signs are inferior by 4% in weight and 7% in drag at fixed
span. At fixed weight, the conventional configuration has a
much longer wing span. Comparing joined-wing and conven-
tional configurations with optimum span shows an increase
of about 5.5% in both weight and drag for the joined wing.
These results are opposite to those of Ref. 8, because the
joined wing needs a larger wing to satisfy the takeoff field
length requirement and a larger tail with more structural ma-
terial to prevent buckling. Figure 11 emphasizes the impor-
tance of aft tail buckling by presenting the DOC of joined
wings designed with and without a buckling constraint. Any
standardized cost model cannot be expected to estimate the
DOC accurately for a particular airline.> However, the trends
in DOC agree with those presented for weight and drag in
Fig. 10. Figure 11 shows that changing wing span from the
optimum by 12-14% leads to an increase of about 1% in
DOC. Both the set of optimum results which treat wing span
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Fig. 10 Design tradeoff between cruise drag and gross weight for
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as a fixed parameter and the results which include it as a
design variable agree on the best value, indicating conver-
gence of the optimization problem with respect to span. The
best conventional and joined-wing designs presented in Fig.
11 are listed as Ref., case 1 and case 2 in Table 1. Qverall,
Fig. 11 shows that the joined wings analyzed here are about
5% more expensive to operate than a conventional configu-
ration and that they suffer a penalty of approximately 4% for
buckling.

A more careful investigation of the importance of design
constraints is presented in Fig. 12. This figure illustrates five
different design problems. all of which include constraints on
range, cruise thrust, trim, and stability. Landing field length
is an inactive constraint with no noticeable effect on the op-
timum design. The first set of bars in Fig. 12 present a com-
parison of joined wings with conventional aircraft designed
for a cruise condition only. Problem 2 adds a takeoff field
length constraint to this basic design problem and problems
3-5 each include the effects of an additional constraint.

In the cruise problem, the joined wing is shown to perform
better than the conventional configuration. When the takeoff
field length constraint is added in problem 2, the joined wing
experiences a much larger increase in DOC. In contrast, when
the constraint on climb gradient is added in problem 3, the
joined wing has a smaller relative increase in DOC. This is a
result of the joined wing’s structural efficiency, but poor high-
lift capability. The joined wing suffers a substantial penalty
in maximum lift because of a short tail moment arm and the
corresponding large tail download required to trim in takeoff
configuration. This penalty forces the joined-wing aircraft to
have a much larger wing. which increases the cruise drag and
the operational costs. However, the strut-braced structure still
has a longer wing span than the conventional configuration.
This extra wing span reduces the induced drag during climb
and makes it easier for the joined wing to satisfy the climb
constraint. Reducing the penalty associated with the takeoff
field length is the key to improving the optimal joined wing.
Moving the mass center of the empty aircraft forward, thereby
reducing the operational range of mass center. and designing
to a lower level of static stability are obvious ways to reduce
this penalty. Passenger and baggage accommodations make
major changes in mass center location impractical. However,
redistributing the fuel and locating the engines on the wing
could have a significant impact on takeoff field length. The
resulting effect on overall performance could make the joined-
wing DOC less than that of the conventional configuration,
especially since the penalty associated with the climb con-
straint was much larger for the conventional configuration.

The takeoff rotation constraint, introduced in problem 4,
increased both the tail area and the DOC slightly for the
joined wing. This constraint leads to tail sizes for the con-
ventional configuration that are smaller than those of current
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Fig. 12 Effect of constraints on joined-wing and conventional trans-
ports. All problems include constraints on range, trim, stability, cruise
thrust, and landing field length.

production aircraft designed for similar missions. Control au-
thority at maximum lift, effects of tail ice, landing maneuvers,
and other constraints also affect the tail size. To avoid the
complexity and computational cost associated with including
these extra constraints, a 225 ft* lower bound on tail area was
imposed in addition to the takeoff rotation constraint. As seen
in Table 1, this lower bound set the tail area for the conven-
tional configuration.

Designing joined-wing tails to avoid a buckling instability
increases the DOC by about 4%. Since a fully stressed design
method forms the basis for the structural design used in this
study, it might be worthwhile to consider this design issue in
more detail. As noted by Petiau et al. > a fully stressed design
is not always minimum weight. The indeterminate nature of
the joined-wing structure makes it a likely candidate for other
structural design methods.

Modifications to flap span, elevator span, wing sweep, and
fuel tank arrangement were investigated in an attempt to
improve the joined wing’s takeoff performance. An extra fuel
tank placed in the tail and used to trim at the aft-most c.g.
had the most significant impact on joined-wing performance.
Taking off at aft c.g. simply reduced the tail download re-
quired to trim, and increased aircraft maximum lift. Increasing
wing sweep also reduced the tail downloads, but only for wings
with relatively short flap spans. At fixed static margin, in-
creasing wing sweep moves the inboard wing section forward
and reduces nose-down pitching moment, particularly when
inboard flaps are deflected. A study of flap and elevator span
indicated that increasing the flap span and decreasing the
elevator span produced a better joined wing than increasing
the sweep of a wing with 50% span flaps. A more exhaustive
study of wing sweep. flap span, and elevator span might show
further improvements in joined-wing performance.

The relative importance of each of the constraints was in-
vestigated for both conventional and joined-wing transports
with a flap-to-wing span ratio of 0.7, an elevator-to-wing span
ratio of 0.4, a wing sweep of 30 deg. and a fuel tank in the
tail for trim. Figure 13 shows that the takeoff field length
constraint is still dominant for joined wings. However, the
effect of this constraint has been reduced enough to produce
joined-wing transports that are 2% less expensive to operate
when the climb gradient and takeoff rotation constraints are
included. The penalty in DOC due to buckling from problem
4to 5in Fig. 13 is 5.3%. Even though this increase in DOC
is larger than that shown in Fig. 12, the increase in DOC when
compared with a similarly designed conventional configura-
tion has been reduced from 4.8 to 3.2%. The columns labeled
Best and case 3 in Table 1 show the details of aircraft designed
for problem 5 and a relative comparison with the reference
conventional design.

The increase in penalty caused by the buckling constraint
is most likely due to the increase in tail sweep (see Table 1).
Increasing the tail sweep increases the compressive tail loads
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Fig. 13 Effect of constraints on joined-wing and conventional trans-
ports, with increased flap span and a tail tank for trim. All problems

include constraints on range, trim, stability, cruise thrust, and landing
field length.
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caused by in-plane wing loads, and decreases the tail’s ability
to brace the wing. Any design change that reduces tail sweep
is likely to improve joined-wing performance.

Conclusions

The results of this study demonstrate the usefulness of nu-
merical optimization as an aircraft design tool and indicate
that joined wings have overall performance characteristics
similar to conventional transports. Successful, reliable appli-
cation of numerical optimization to aircraft design depended
on the details of the aerodynamic modeling and the smooth-
ness of the problem functions. Takeoff field length and hor-
izontal-tail buckling represented the most critical design con-
straints for joined wings. A wing sweep of 30 deg and a static
margin of 0.2, produced joined wings that were 4.8% more
expensive to operate than a comparable T-tail transport de-
signed for the same medium-range transport mission. A sig-
nificant increase in cost was caused by the joined wing’s in-
ability to generate maximum lift in takeoff configuration.
Increasing the flap span. decreasing the elevator span, and
using a tail tank to trim at aft c.g. led to a joined-wing that
saved 2% in DOC before the buckling constraint was consid-
ered. Including a buckling constraint increased the DOC by
5.3% and led to a design that cost 3.2% more to operate than
the conventional configuration. This quantitative comparison
between joined-wing and conventional aircraft applies to the
medium-range transport mission considered in this study.
Joined-wings that carry payloads that allow for a reduction
in tail sweep and that reduce the influence of tail download
on maximum lift may perform better than a conventional
configuration. The design tools developed for this study can
be used to evaluate joined wings for different missions as well
as the optimization of other aircraft configurations.
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